ABSTRACT
INTRODUCTION
Most electronic devices use low-voltage DC supplies, which usually obtain energy from mains AC. These power supplies are generally constructed using traditional linear or switching regulator circuits, with a bridge rectifier and simple capacitor filter connected to the network via a transformer. Linear regulators are usually preferred to switching regulators for low power applications because of their extreme simplicity, reliability and low cost [1] [2] . Linear regulators typically incorporate a series or shunt pass element in the form of a bipolar or a FET transistor, a control circuit in the form of DC comparator, a voltage reference and a feedback network as shown in Figure 1 . Using these simple architectures, a practically constant output can be obtained regardless of the current drawn by the load and any minor fluctuations in the input voltage. However, in recent years, the emergence of noise sensitive electronic circuits has made it difficult for traditional linear regulators to satisfy the stringent supply requirements. Maintaining the output within acceptable limits requires advanced control circuitry that is capable of executing sophisticated control algorithms. There are many advanced compensation techniques offering enhanced regulation performance [1] . Often, this is achieved at the expense of simplicity, cost and efficiency. However, a power supply control circuitry needs to be simple, cost-effective and practical to implement. Such a regulator can be realized using Proportional, Integral and Differential (PID) controllers. PID control has gained much prominence in power control applications because of the simplicity of its construction, ease of use, clarity of operation, suitability for most practical problems and low cost. Using such a compensator allows the dynamic characteristics of the regulator to be controlled by adjusting only three parameters, thus making it possible to obtain satisfactory regulation performance with simpler control circuits. The first step in designing a robust controller for a regulated power supply is the synthesis of an accurate model of the system. There are several techniques for accomplishing this. These techniques are based on experimental studies or theoretical analysis. Characterizing low power electronic components experimentally requires extreme precision, and consequently, sophisticated and expensive laboratory equipment. Analytical methods provide simple and cost effective means of obtaining the dynamic characteristics of the system. The objective of this paper is to design a high precision linear regulator with fast transient response and zero steady state error by using controller of fixed structure. The manual method of determining controller settings has the disadvantage that it can be very difficult and expensive to identify numerical values for the controller parameters. Therefore, in this study we use an analytical method for producing a mathematical model of the regulator: the dynamic characteristics of the model were determined theoretically and PID controller coefficients calculated according to these characteristics. 
PROPOSED LDO REGULATOR STRUCTURE AND CONTROL SCHEME
In published literature, different regulator architectures, which have advantages in specific applications, have been proposed [2] [3] [4] [5] [6] . The adequacy of a regulator structure is determined by the requirements of the technical specifications for the power supply. Usually, the main requirements for the supply are maintenance of the set output voltage within the limits permitted by the load, the size, power dissipation and speed of response. The LDO regulator proposed in this study utilizes a P-channel MOSFET (PMOS) device as a pass element because of the superior low dropout voltage and high temperature stability of MOSFET devices. Also, unlike BJT devices, MOSFETs do not have steady-state gate current, leading to higher efficiency. A PID controller is used as the control element for the regulator. A PID controller can be constructed in different ways [7] . For the purpose of this study we use a PID structure of the form shown in Figure 2 whose mathematical model is written as A PID controller satisfying the above description can be realized using operational amplifiers. A schematic diagram of the proposed LDO regulator with the PID controller is presented in Figure  3 . It features a P-channel MOSFET as the series pass element, a DC amplifier as a comparator, and resistive feed-back network. There is also a filtering stage consisting of an output capacitor
C
O with an equivalent series resistor ESR R and a bypass capacitor C b . These are added to reduce output ripples and provide stability. The structure of the scheme includes a PID controller whose parameters can be set according the required dynamic characteristics of the power supply system. Since the PID controller has a negative transfer function, an inverting buffer IB is connected to its output to give a resultant positive gain. The proposed controller shown in Figure 3 can be represented in the transfer function form 
ANALYTICAL MODEL OF THE LOW DROPOUT POWER REGULATOR
Design of a high performance linear regulator requires accurate knowledge of the pass element and the associated components, as well as a complete characterization of the resulting system. This requires a precise calculation of all system parameters. Basic parameters of analog devices are determined by small signal analysis [8] , so for their calculation it is necessary to use small signal equivalent transistor circuits characterizing the modes of operation of the devices. The most common small-signal equivalent circuit diagram of the P-MOSFET is shown in Figure 4 (a) [9] . 
The described model contains only resistive components, and does not account for the inertial properties of the transistor. This resistive model is usually valid at low frequencies of input signals. When considering the small signal operation of the FET in the high-frequency region, it is necessary to use a FET model comprising energy storage elements (Figure 4(b) ). As follows from the structure of the field effect transistor, there is capacitive coupling between the gate and the channel. The value of capacitance is small -of the order of a few picofarads. In this case, the regulator will have the form shown in Figure 4 (b) with a forward transfer function Zs is the output impedance.
From Figure 4 (b)
Gs can be written as
The overall forward transfer function () f Ts of the power regulator system is thus
And the close-loop transfer function can be written as
where the coefficients , ,    and T R have the following meanings:
ANALYSIS AND TUNING OF THE CONTROL SCHEME

Setting Practical Component Values for Analysis
To validate the developed model and design a practical PID controller we obtain numerical values for the coefficients of the model to be used in the controller design. Practical component values, given by datasheets [10] [11] and other guides [12] [13] [14] [15] 
Determining PID Settings
From the mathematical model of the LDO regulator, the PID controller parameters can be determined. In this study, the PID controller parameters are determined using the Ziegler-Nichols ultimate cycle method [16] . 
PID Parameter
To find c K all control modes, except proportional, are turned off. p K is first set to a low value and continually increased gradually while observing the system response to a step change in the set point for the different values of gain p K . The gain value at which the system begins to develop sustained oscillations with constant amplitude is the critical gain c K . The period of oscillation at this maximum gain limit is the critical period 
TEST AND RESULTS
To test the performance of the proposed system, the response of the closed loop system with the calculated PID settings was simulated. The graph of Figure 5 shows the settling time in response to a step input to be 0.0213 ms, the overshoot is approximately 4.3% and the rise time is 3.03  s. It is important to keep in mind that settings obtained by analytical calculations do not always give optimal controller settings, as analytical results are based on a highly simplified model of the object and are, therefore, approximations. Therefore, after the calculation of the controller parameters, it is desirable to make adjustments. Adjustments are made on the basis of rules that are used for PID tuning [17] [18] [19] . It is also noteworthy that the application of these rules is only possible after predetermining the controller parameters experimentally or by formulas. Setting up the controller without an initial approximate calculation of the coefficients may be unsuccessful, as the rules are valid only in the vicinity of the optimal controller settings. Finally, a bode plot of the system with the calculated PID parameter settings is shown in Figure 7 . From the bode plot, the system has phase margin of 86.7˚and a gain margin of infinity. This means that it is sufficiently stable. 
CONCLUSIONS
When adjusting controller settings for high performance electrical processes, manual tuning based on prescribed rules can take a lot of time and resources. Therefore, in this study an analytical method was used to design a PID based control system for a linear regulator. Theoretical analysis of the linear regulator based on a series pass FET transistor amplifier provided a simple relation that accurately described the operation of the regulator. The mathematical model obtained was used to determine the parameters of the control system. The stated method for determining controller settings greatly reduces design time and cost. Analysis of the proposed design shows that the PID controller based control system provides good regulation performance and stable operation for the regulator with the specified control parameters. Thus, better dynamic characteristics of LDO regulator and its cost effective realization are achievable using PID control techniques, as this allows the use of analytical methods to determine optimum controller settings.
